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The launch of CryoSat-2 heralded a new era of interferometric Synthetic Aperture Radar altimetry over the Polar Ice Sheets. The
mission’s novel SAR interferometric (SARIn) mode of operation has enabled monitoring of rapidly changing coastal regions, which
had been challenging for previous low resolution altimeters. Given the growing requirement to continue the 25-year altimeter record,
there is now a need to assess the diﬀerences between existing SAR and SARIn altimeter datasets, with a view to understanding the impact
on ice sheet retrievals of the diﬀerent radar hardware and processing methodologies. Uniquely, CryoSat-2 data can be processed both
with and without interferometric information, oﬀering the opportunity to directly compare the SAR and SARIn products generated by
the current ground segment. Here, we provide a ﬁrst comparison of these Level-2 datasets, and evaluate their capacity to measure ice
sheet elevation and elevation change. We ﬁnd that the current interferometric product has substantially improved precision, accuracy
and coverage compared to its non-interferometric counterpart, yielding a 35% improvement in the root-mean-square-diﬀerence
(RMSD) of elevations recorded at orbital cross-overs, and a 30% lower RMSD of elevation rates relative to Operation IceBridge air-
borne altimeter measurements. This analysis demonstrates the value that the interferometer adds to the current CryoSat-2 conﬁguration,
and highlights the importance for non-interferometric SAR Level-2 processing of the auxiliary data used to identify the location of the
echoing point. These results provide a benchmark of the relative performance of the Level-2 interferometric and non-interferometric
products currently produced by the ground segment, which will help to inform the design and implementation of a future polar radar
altimeter mission.
 2017 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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For the past quarter of a century, satellite radar
altimeters have acquired measurements across Earth’s
polar regions, mapping the ice sheets of Greenland and
Antarctica at the continental scale, and establishing a nearhttps://doi.org/10.1016/j.asr.2017.11.036
0273-1177/ 2017 COSPAR. Published by Elsevier Ltd.
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E-mail address: m.mcmillan@leeds.ac.uk (M. McMillan).continuous record of ice sheet elevation evolution. These
observations have provided systematic measurements of
changes in ice sheet volume (Davis and Ferguson, 2004;
Johannessen et al., 2005; Helm et al., 2014) and mass
(Wingham et al., 2006b; Zwally et al., 2011; Shepherd
et al., 2012; McMillan et al., 2014a, 2016), which have
informed community assessments of global mean sea level
rise (Vaughan et al., 2013). With their capacity to resolve
changes at the scale of individual glacier basins, they haveorg/licenses/by/4.0/).
1282 M. McMillan et al. / Advances in Space Research 62 (2018) 1281–1291tracked signals of ice imbalance in Antarctica (Shepherd
et al., 2001; Flament and Re´my, 2012; McMillan et al.,
2014a; Wouters et al., 2015), Greenland (Zwally et al.,
2005; Sørensen et al., 2015; McMillan et al., 2016) and
the Arctic (McMillan et al., 2014b; Gray et al., 2015). They
have also provided detailed topographic information
(Remy et al., 1989; Bamber and Bindschadler, 1997;
Bamber et al., 2009; Helm et al., 2014), which provides a
boundary condition for numerical ice sheet models.
Many of these altimeter records have been derived using
conventional, pulse-limited radar instruments, which were
originally developed to measure the ocean geoid, and
which have been routinely operated onboard the ERS-1,
ERS-2 and Envisat satellites between 1991 and 2012. One
of the principle challenges when using these data to mea-
sure ice sheet surfaces comes from their relatively large
ground footprint, which is approximately 2 km2 (pulse-
limited footprint over a ﬂat surface). This has often limited
their performance in areas of complex topographic terrain,
which are typical of an ice sheet’s margin. In 2010, the
launch of CryoSat-2 represented the most signiﬁcant recent
advance in system evolution, through the implementation
of interferometric synthetic aperture radar (SARIn)
altimeter instrumentation and processing techniques
(Raney, 1998; Wingham et al., 2006a). The novel altimeter
carried by CryoSat-2 provided a 4-fold improvement in
along-track ground resolution (to 400 m) through SAR
processing, and enabled more precise echo location using
its two antennas and interferometric techniques. Together
with the satellite’s high inclination and long repeat orbit,
these advances have improved signal retrieval across areas
of complex ice margin terrain (McMillan et al., 2013,
2014a).
In the seven years since launch, CryoSat-2 has delivered
detailed trends in Earth’s ocean and land based ice masses
(Laxon et al., 2013; Helm et al., 2014; McMillan et al.,
2014a, 2016; Tilling et al., 2015). Additionally over water
surfaces, CryoSat-2 has been used to monitor lake and
river levels (Nielsen et al., 2015; Villadsen et al., 2015),
ocean surface height and dynamic topography (Armitage
et al., 2016), and through inversion of the detected sea sur-
face gradients, marine bathymetry (Sandwell et al. (2014)).
Although CryoSat-2 remains in operation, the mission is
now in an extended phase beyond its original design life-
time, which was 3.5 years. Given the growing requirement
for continuity of measurements of Earth’s polar regions,
and the new generation of SAR and SAR interferometric
altimeters, there is a need to establish the relative accura-
cies of these modes of operation, as delivered by the current
ground segment. Such analysis can help to quantify the
uncertainties associated with current Level-2 (L2) prod-
ucts, identify avenues for further methodological develop-
ments, and inform decisions related to future mission
design. In this study we conduct such a comparison to
assess CryoSat-2 Level-2 measurements over ice sheets,
which have been derived using both interferometric and
non-interferometric processing techniques.2. Data and methods
2.1. Interferometric SAR data
For the purposes of this study, our interferometric data-
set was taken from the standard L2 SARIn (SIN) product,
which was derived using the nominal interferometric pro-
cessor. In this mode of operation, CryoSat-2 uses delay-
Doppler (SAR) processing to improve along-track ground
resolution to 400 m (Wingham et al., 2006a; McMillan
et al., 2013), and the phase diﬀerence recorded across the
two antennas to determine the angle of echo arrival in
the across-track plane. Given that Baseline C reprocessing
was incomplete at the time of the analysis, we primarily
used the Baseline B product distribution, as it provided
the long, multi-year record that was required for our study.
However, for short time period crossover analysis, we also
evaluated several of the available sub-cycles of Baseline C
data, to assess the relative performance of the two base-
lines. For ice sheet studies, Baseline C implements a num-
ber of relevant changes, including (1) stack weighting,
which removes beams with the largest look angle so as to
improve the signal-to-clutter noise ratio, (2) a reﬁned
DEM, which is expected to reduce the number of SARIn
records ﬂagged as being in error, and (3) an increase in
the range window of the SARIn product, from 120 m to
240 m, which reduces the instances where waveform trun-
cation adversely aﬀects the retracking process.
2.2. Non-interferometric SAR data and processing
To generate a non-interferometric SAR L2 product over
ice sheets, we utilized the non-operational SARIn
Degraded (SID) processor option. This option originated
from CryoSat-1, where the altimeter radar hardware was
designed as a single, non-redundant, instrument, and so
contingency was needed for a scenario in which one of
the two receive chains failed. In case of such failure, the
radar was designed to still operate in this degraded case
and therefore an on-ground processing capability was
needed. This scenario was termed SARIn Degraded Mode
(SID) and the processing method combined existing SARIn
and Low Resolution Mode (LRM) functionality.
The SARIn Degraded processing that was implemented
in this study used only one of the SARIn chains, which was
chosen to be the rx-1 chain. The functionality was other-
wise similar to the nominal processing to Level-1b,
although the Level-1b interferometric phase diﬀerence
and coherence were not ﬁlled in the product. The Level-2
SID processing then followed closely to that of LRM, with
the exception that the LRM retracker was replaced by the
nominal SARIn retracker (Wingham et al., 2006a). Follow-
ing retracking, the echoing point was relocated to the point
of closest approach using the slope model that is imple-
mented in the most recent Baseline C version of the ESA
L2 processors, which is derived from the Radarsat Antarc-
tic Mapping Project (RAMP) version 2 Digital Elevation
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dance with the objectives of this work, which were to eval-
uate the performance of existing Level-2 products, as
generated by the processing implemented in the current
ground segment. For records where the slope model was
unavailable, the data were ﬂagged and the echoing point
was assumed to be at nadir.
2.3. Evaluation of elevation precision
The precision of the SIN and SID elevation measure-
ments was assessed using a single sub-cycle crossover tech-
nique (Wingham et al., 1998). For data acquired in each
30-day sub-cycle, all crossing points within the grounded
ice region of the CryoSat-2 SARIn mode mask were iden-
tiﬁed. Speciﬁcally, crossing points were deﬁned as the inter-
section between two consecutive measurements of an
ascending pass and two consecutive measurements of a
descending pass. The elevation diﬀerence (dH) between
ascending and descending acquisitions was then computed
by interpolating the bracketing ascending and descending
records to the crossover location. To avoid dH estimates
where there was low conﬁdence in either the accuracy of
the contributing measurements or the along-track interpo-
lation, we removed crossovers where the magnitude of dH
between ascending and descending acquisitions exceeded
10 meters, or where the interpolated records were further
than 1 km from each other.
2.4. Estimation of rates of elevation change
We estimated rates of ice sheet surface elevation change
using a model-ﬁt method (McMillan et al., 2014a). In com-
parison to a conventional cross-over approach (Wingham
et al., 1998), this method extends retrievals beyond the
locations of orbit cross-overs to include all data acquired
along the satellite track (Pritchard et al., 2009; Smith
et al., 2009; Moholdt et al., 2010; Flament and Re´my,
2012; McMillan et al., 2014a). This approach allows a far
greater volume of data to be utilized and is particularly
well-suited to the long 369-day orbit cycle of CryoSat-2,
where exact repeats are less frequent. We grouped data in
5  5 km regions and the elevations within each grid cell
were modeled as a function of space, time and satellite
heading (McMillan et al., 2014a). Based on previous stud-
ies where we found that valid data were often unnecessarily
ﬂagged within the L2 product, our method was designed
instead to use all SID and SIN data, and then to apply
an iterative approach within our elevation change deriva-
tion to identify and remove bad data (McMillan et al.,
2014a, 2016). Given the novelty of the SID product, how-
ever, we did also process an additional scenario where all
ﬂagged SID data were removed. Following previous stud-
ies that have utilized CryoSat-2 SARIn data over Antarc-
tica (McMillan et al., 2014a; Konrad et al., 2016), a
backscatter correction was applied to account for tempo-
rally correlated ﬂuctuations in elevation and backscatter(Wingham et al., 1998; Davis and Ferguson, 2004). Grid
cells where the model was a poor ﬁt to the data were
rejected, and estimates of the linear rate of elevation
change with time were extracted for each grid cell, together
with regression statistics, which described the associated
precision and model goodness of ﬁt. Elevation rates were
then smoothed with a 25  25 km moving median ﬁlter
for display purposes. Further details relating to the method
and model implementation are given in McMillan et al.
(2014a; 2016).
2.5. Evaluation using auxiliary datasets
To evaluate our derived rates of elevation change, we
used elevation measurements acquired by the Airborne
Topographic Mapper (ATM) laser altimeter on Operation
IceBridge campaigns ﬂown between 2009 and 2013. This
instrument provides surface elevation measurements, sam-
pled approximately 50 m along track, with a ﬁxed 80 m
across-track platelet at aircraft nadir. The ATM elevation
measurements are estimated to have a vertical accuracy
of 7 cm and a vertical precision of 3 cm (Martin et al.,
2012). We selected a validation site in the Amundsen Sea
Sector of West Antarctica, which oﬀers (1) a high density
of airborne ﬂightlines, (2) acquisitions made over multiple
years which can be used to compute elevation change, and
(3) a large range of elevation rate variability.
To compute rates of elevation change from repeat Ice-
Bridge measurements of surface elevation, we diﬀerenced
ATM observations that were co-located to within 10
meters horizontal separation. We then scaled the elevation
diﬀerence in accordance with the time separation between
the measurements to derive an estimate of the annual rate
of change. Elevation change rates with a magnitude greater
than 10 m/yr were removed, and the remaining measure-
ments were then binned at 5 km resolution to match the
CryoSat-2 estimates. Grid cells sampled by fewer than 10
IceBridge elevation change measurements, or where the
measurements had a standard deviation greater than
1 m/yr were removed. These thresholds were applied in
order to ensure a robust set of observations with which
to evaluate our CryoSat-2 datasets.
3. Results
3.1. Evaluation of elevation measurements
As a ﬁrst, qualitative comparison of the SIN and SID
Level-2 elevation measurements, we investigated their abil-
ity to map ice surface topography at a test site with rela-
tively complex surface topography. For this purpose, we
chose a site in East Antarctica above the drained Cook
E2 subglacial lake, where a large surface depression is
known to have formed (Smith et al., 2009; McMillan
et al., 2013). We used 1 cycle of SIN and SID elevation
data to each generate a surface elevation model, by ﬁtting
a minimum curvature surface (Sandwell, 1987) to each
1284 M. McMillan et al. / Advances in Space Research 62 (2018) 1281–1291dataset. For the SID measurements, we tested two scenar-
ios, one in which ﬂagged data were included and the other
in which they were removed.
The elevation models produced from the SIN and SID
measurements (Fig. 1) illustrate the diﬀering capabilities
of each mode to resolve 10-km length-scale features inFig. 1. Comparison of the capability of CryoSat-2 interferometric and non-inte
CookE2 subglacial lake in East Antarctica. In each panel a continuous elev
acquired during 2011, with the echoing point locations shown in black. a. allthe ice sheet surface. The SIN measurements provided a
detailed view of the surface depression, because the inter-
ferometer was able to track the across-track angle of echo
arrival. Consequently it has been able to correctly locate
the origin of the strongest power return, which switched
between the rim and the base of the depression. In contrast,rferometric Level-2 data to resolve ice sheet surface topography above the
ation model has been formed by interpolating CryoSat-2 measurements
SIN data; b. all SID data; c. ﬂagged SID data removed.
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depth of this feature because the increase in range cannot
be associated with a change in the angle of arrival, due
to limitations in the surface slope model used in the non-
interferometric L2 processing. Comparing the two SID
solutions, it is clear that the inclusion of ﬂagged data in
the elevation model added more high frequency noise to
the solution. This is because, in contrast to when we deter-
mine elevation change, no independent quality control pro-
cedure was used to identify and remove bad elevation data.
Further analysis relating to the impact of removing ﬂagged
data on the derived rates of elevation change is given in the
Discussion section.
Next, we assessed the repeatability of SIN and SID ele-
vation measurements, using a single-cycle crossover tech-
nique (Wingham et al., 1998). Elevation residuals at
crossovers broadly indicate the precision of the elevation
retrieval, and integrate a number of factors, including spa-
tially uncorrelated orbit errors, retracker imprecision,
radar speckle, echo relocation errors and any sensitivity
to anisotropic scattering in the near surface snowpack. In
comparison to non-interferometric measurements, where
only a single crossover is resolved at each ground track
intersection, the capability of the interferometer to resolve
high frequency variability in the echoing point location
allows for the possibility of multiple crossing points to be
identiﬁed at a single ground track intersection. Based on
the analysis of two sub-cycles of Baseline B data and two
sub-cycles of Baseline C data (Table 1), SIN outperforms
the SID processing, delivering a smaller median crossover
elevation diﬀerence (0.006 m and 0.055 m for SIN and
SID, respectively, statistically signiﬁcant diﬀerence at the
5% level) and less dispersion of the diﬀerences (standard
deviations of 2.7 m and 3.3 m for SIN and SID respec-
tively). The improved performance of SIN is evident from
the distributions of elevation diﬀerences for the diﬀerent
processing scenarios (Fig. 2), speciﬁcally relative to Base-
line C, which due to the increased number of crossovers
returned for SID, oﬀers a closer like-for-like comparison
to SIN (Table 1). Although for Baseline B the dH statistics
for SIN and SID are more similar, SIN achieves 7 times
the number of cross-overs returned by SID, demonstrating
the superior density of measurements oﬀered by the SIN
mode of operation.
3.2. Evaluation of rates of elevation change
Using our SIN and SID datasets, we estimated linear
rates of elevation change between 2011 and 2014 (Fig. 3).
Taking the whole of the Antarctic margin region covered
by the CryoSat-2 interferometric mode mask, the SID ele-
vation rate measurements provide less complete coverage,
with 16% of grid cells lacking a valid elevation rate mea-
surement, compared to 11% for the SIN dataset. The loss
of data in the SID result is particularly apparent across
the Antarctic Peninsula and Transantarctic Mountains,
highlighting the value of interferometric altimetry in locat-
Fig. 2. Comparisons of normalised distributions of SID and SIN crossover height diﬀerences, for Baseline B data acquired during two sub-cycles in a.
April and b. May 2014 and Baseline C data acquired during two sub-cycles in c. April and d. May 2015. SIN returns a greater number of crossovers and,
for Baseline C, exhibits much less dispersion of the crossover diﬀerences. SID crossover diﬀerences appear less dispersed for Baseline B because far fewer
crossovers are returned than for Baseline C.
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(Fig. 3).
Both SIN and SID resolve high rates of ice sheet thin-
ning in the Amundsen Sea and Bellingshausen Sea Sectors
of West Antarctica, and close to the terminus of Totten
Glacier in East Antarctica (Fig. 3). However, around much
of the remainder of the ice sheet, particularly in slower
ﬂowing, inland regions, the SID data produce relatively
high rates of elevation change that are not associated with
known geophysical signals (Pritchard et al., 2009; Flament
and Re´my, 2012; Shepherd et al., 2012; Helm et al., 2014;
McMillan et al., 2014a). We interpret this to be indicative
of increased levels of noise in the non-interferometric solu-
tion, which is supported by the diagnostic statistics associ-
ated with the elevation rate precision (Fig. 3). In this
regard, SIN outperforms SID, achieving a mean statistical
uncertainty of 0.18 m/yr, compared to 0.67 m/yr for the
SID dataset.
To provide an independent evaluation of the SIN and
SID elevation rates, we then compared both datasets to
co-located IceBridge measurements across the Amundsen
Sea Sector of West Antarctica (Fig. 4). Although theaverage diﬀerence is actually smaller for SID than for
SIN (Table 2), the dispersion of the SID diﬀerences is
50% greater, and the correlation with IceBridge elevation
rates is signiﬁcantly (at the 1% signiﬁcance level) weaker
for SID than it is for SIN (Pearson correlation coeﬃcients
of 0.50 and 0.70, respectively). Together, these statistics
indicate the poorer agreement of the individual SID eleva-
tion rates with the IceBridge reference dataset. This is
reﬂected in the root mean square deviation of the SIN
and SID measurements from the IceBridge data, which is
1.11 m/yr and 1.66 m/yr, respectively (Table 2).4. Discussion
In this study we have aimed to provide a ﬁrst assessment
of the relative performance of interferometric and non-
interferometric CryoSat-2 Level 2 SAR altimetry products
over ice sheets, as generated by the current ground seg-
ment. Speciﬁcally, we have focused on the accuracy and
precision of retrievals of ice sheet elevation and elevation
change. These are important glaciological parameters that
Fig. 3. Comparison of rates of Antarctic Ice Sheet elevation change estimated using a model ﬁt method for data acquired between 2011 and 2014, and
which were derived from a. SIN and c. SID datasets, together with the 67% conﬁdence interval associated with the b. SIN and d. SID elevation rates.
Results are determined across the ice margin region covered by the SARIn mode mask.
Fig. 4. Comparison of rates of surface elevation change derived from CryoSat-2 with those from co-located IceBridge airborne altimetry data across the
Amundsen Sea Sector of West Antarctica. CryoSat-2 elevation rates are derived using a. SIN data, b. all SID data, and c. SID data with ﬂagged records
removed. Panels d-f show the corresponding distributions of the diﬀerences between the CryoSat-2 and IceBridge elevation rate measurements.
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Table 2
Summary statistics for the comparison to IceBridge airborne altimetry of elevation rates derived from SIN data, all SID data, and SID data with ﬂags
removed.
Statistic SIN SID SID ﬂags removed
Mean diﬀerence from IceBridge elevation rates 0.40 m/yr 0.26 m/yr 0.51 m/yr
Median diﬀerence from IceBridge elevation rates 0.24 m/yr 0.20 m/yr 0.25 m/yr
Standard deviation of the diﬀerences from IceBridge elevation rates 1.03 m/yr 1.64 m/yr 1.55 m/yr
Root-mean-square diﬀerence from IceBridge elevation rates 1.11 m/yr 1.66 m/yr 1.63 m/yr
Pearson correlation coeﬃcient 0.70 0.50 0.41
Fig. 5. Comparison of elevation rates derived from SIN and SID data in coastal areas with more complex topography. a-c. the Antarctic Peninsula; d-f.
the Indian Ocean Sector of East Antarctica; g-i. the Amundsen Sea Sector of West Antarctica; a, d, g. using SIN data; b, e, h. using all SID data; c, f, j.
using SID data with ﬂagged records removed. The solution derived using all SID data provides comprehensive coverage but displays a relatively noisy
signal, whereas removal of ﬂagged SID data gives a less noisy signal, particularly in inland regions, but fails to retrieve much of the rapid coastal thinning.
In contrast SIN data provides both low noise and near-complete coverage of the coastal regions.
1288 M. McMillan et al. / Advances in Space Research 62 (2018) 1281–1291
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sheet mass balance and sea level contribution.
As outlined in our methods, based on past analysis
(McMillan et al., 2014a) we chose to use all SID and SIN
measurements in our elevation rate processing, in order
to maximize data coverage and avoid removing mistakenly
ﬂagged records. To test this approach, we additionally ran
a scenario where we simply removed all ﬂagged SID data
prior to computing rates of elevation change. We found
that, while this approach led to more precise signal retrie-
val in some regions and a visually less noisy solution, it
had a substantial impact on coverage, with 24% of grid
cells within the SARIn mode mask failing to return a valid
elevation rate measurement. Furthermore, coverage was
particularly reduced around most of the steeper ice sheet
margin (Fig. 5), which is amongst the most important area
to monitor, given that this is where current rates of ice loss
are at their greatest. Although removing ﬂagged data did
improve the mean precision of elevation rate retrievals to
0.31 m/yr, this is in part because of the more restricted spa-
tial coverage and, nonetheless, it still remained approxi-
mately double the SIN value (0.18 m/yr). In addition,
there was almost no diﬀerence between the two SID pro-
cessing scenarios in terms of their agreement with the Ice-
Bridge reference datasets (RMS diﬀerences of 1.63 m/yr
and 1.66 m/yr, and correlation coeﬃcients of 0.41 and
0.50, when ﬂagged data were, and were not, removed).
As such, while this analysis suggests that there is a payoﬀ
between the spatial coverage and measurement precision
achieved by the two non-interferometric processing scenar-
ios, it is clear that neither of these SID datasets currently
matches the performance of the SIN observations.
This study was designed to assess the current perfor-
mance of existing SIN and SID processing baselines. Based
upon these results, we can therefore make the following
recommendations and suggestions for future work. Firstly,
while we ﬁnd that non-interferometric retrievals cannot
currently match the quality of their interferometric coun-
terparts, our analysis does highlight the importance, for
the former, of the accuracy of the slope model used to relo-
cate the echoing points. To optimize the performance and
coverage achieved by non-interferometric SAR altimeters,
and potentially improve upon the SID results reported
here, it is important that future SAR L2 processors (1) uti-
lize the latest, most accurate DEM products when relocat-
ing the echo, and (2) have well-tuned ﬂagging mechanisms.
Secondly, this study was designed to inter-compare L2 SIN
and SID measurements derived from the same data acqui-
sitions, so as to achieve a contemporaneous like-for-like
comparison, which eliminated diﬀerences due to temporal
variability and isolated the value of the interferometer
itself. As a consequence, it is worth emphasizing that this
study does not represent an evaluation of the performance
of SIN (CryoSat-2) relative to other SAR (Sentinel-3)
altimeters. Such an analysis is therefore recommended as
part of future work, albeit over the diﬀerent time periods
during which the missions have operated. This wouldprovide a complementary assessment, which in addition
to comparing SAR and SARIn acquisitions, would also
address the impact of other diﬀerences between the
Cryosat-2 and Sentinel-3 missions, namely (1) the orbital
inclination and repeat period, (2) the range dimensions of
the receive window, (3) the number of bursts per unit time,
to assess the optimal eﬀective number of looks for land ice
surfaces, and (4) the design of onboard surface tracking
algorithms. Finally, it is worth reiterating that here we have
focused on inter-comparing existing L2 data. Clearly there
are also other beneﬁts to an interferometric system, such as
the improved data density that can be achieved by utilizing
swath processing (Hawley et al., 2009; Gray et al., 2013).
5. Conclusions
This study has provided a ﬁrst comparison between
CryoSat-2 interferometric and non-interferometric altime-
ter Level-2 products over ice sheets, and an indication of
the beneﬁts associated with the former. Regarding mea-
surements of ice sheet elevation, we ﬁrstly demonstrated
that currently the interferometric retrievals are able to bet-
ter map small-scale topographic features, such as the sur-
face manifestation of subglacial lakes. Systematic
mapping of these features can provide valuable insight into
the nature and evolution of the inaccessible subglacial envi-
ronment (Smith et al., 2009), which improves our under-
standing of the underlying boundary conditions of the ice
sheet, and beneﬁts physical models of ice sheet evolution.
Secondly, we ﬁnd that the interferometric processing
oﬀered more precise elevation measurements across the
ice sheet margins, achieving a 35% reduction in the
Root-Mean-Square Diﬀerence of single-cycle cross-overs
formed from 2 sub-cycles of Baseline C data. In this regard,
improved elevation precision beneﬁts topographic map-
ping, assessments of snowpack anisotropy (Remy et al.,
2012; Armitage et al., 2014) and altimeter-derived time ser-
ies of surface elevation change (Wingham et al., 2009).
For measuring ice sheet surface elevation change, we
ﬁnd that the current generation of interferometric measure-
ments is in closer agreement to independent airborne obser-
vations than their non-interferometric counterparts.
Speciﬁcally, SIN measurements achieve a 30% reduction
in the Root-Mean-Square deviation and improvements in
the correlation coeﬃcient from 0.50 (SID) to 0.70 (SIN),
relative to this reference dataset. These results suggest that,
using current processing baselines, SIN measurements are
able to more accurately resolve signals of elevation change.
We also ﬁnd that CryoSat-2 SIN observations yield at least
a 2-fold improvement in the mean precision of elevation
rates, together with more complete spatial coverage, which
again indicates the beneﬁts oﬀered currently by the interfer-
ometric system. In a wider context, determining rates of
elevation change with a high level of accuracy is critical
for building robust records of ice sheet mass balance and
sea level rise. The results of this study suggest that the
interferometric CryoSat-2 product is demonstrably better
1290 M. McMillan et al. / Advances in Space Research 62 (2018) 1281–1291able to achieve this at present, and indicates the potential
value of an interferometer onboard a future polar altimeter
mission.
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